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Sunday, February 8, 2015 91aCytochrome c (cyt c) displays a striking ability to perform many seemingly
disparate functions within the cell. It is responsible for shuttling electrons
between protein complexes in the mitochondria to generate ATP and is
also a primary signal for apoptosis when improperly localized as a result of
an interaction with the mitochondrial lipid cardiolipin (CL). We utilized
reverse micelle nuclear magnetic resonance (RM-NMR) in order to in-
vestigate these different functional roles of cyt c at atomic resolution. The
chemical shifts of RM encapsulated cyt c are essentially identical to the
free solution protein, confirming structural fidelity. We have determined
the structure of encapsulated cyt c to high resolution (0.45 A˚ backbone
RMSD, 0.92 A˚ heavy atom RMSD) using standard solution NMR methods.
Using pseudo-contact shifts (PCS), we find that the majority of the protein
structure does not change significantly upon change in redox state. A subset
of residues localized at the heme-exposed face of the protein undergo small
structural changes upon change in redox state, localized to the binding site
on cyt c for its BC1 complex partner. The interaction of cyt c with CL was
investigated by titration of the lipid into the RM encapsulated protein. The
confined space effect upon protein encapsulation in the RM allowed for
separation and characterization of this peripheral interaction from the subse-
quent lipid insertion and unfolding of cyt c. These experiments provide
the first detailed interface of the initial, largely electrostatic phase of the
interaction.
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Prions are infectious agents responsible for transmissible spongiform enceph-
alopathies, a fatal neurodegenerative disease in mammals, including humans.
Prions propagate biological information by conversion of the nonpathological
version of the prion protein, PrPc, to the infectious conformation, PrPSc. To
shed light on the biogenesis of PrPSc on the cell surface, we will report on
multiscale molecular modeling studies of enthalpy-driven binding modes of
PrPc to model membranes and the conformational response of PrPc to such
binding events. Our preliminary results suggest the existence of preferential
binding spots on the PrPc surface driven by favorable protein-membrane elec-
trostatics interactions. Upon binding, the conformational space of PrPc is
reduced.
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Rhodopsin is the membrane receptor responsible for photoreception in the
vertebrate retina. Over 120 point mutations in rhodopsin are found to be
related with autosomal dominant retinitis pigmentosa (ADRP) and the
congenital stationary night blindness (CNSB). Despite of several mutations
with intense studies, like P23H, a majority of rhodopsin mutations still
need further investigations. In order to have extensive and quick functional
characterization of these mutations, here we utilize fluorescence imaging
to monitor rhodopsin cellular distribution, which reveals to us much useful
information, like if rhodopsin has normal transportation to the cell mem-
brane, interrrupted glycosylation or protein aggregates formation. The
experiments are carried out through the following process: First, a series of
human rhodopsin mutations were constructed, which include mutations
responsible for both ADRP and CNSB, like G89D and G90D. Second,
wild-type rhodopsin was expressed in 293S GnTi- cells with homogeneous
N-glycosylation for protein detection, T-REx293 cells for glycosylation
analysis, and Hela cells for immunofluorescence imaging seperately. Third,
we also engineered a fusion protein rho-EGFP for in vivo study, with a
green fluorescent protein insterted into human rhodopsin. We found that
mutations that cause ADRP are usually misfolded and retained in endo-
plasmic reticulum and thus have low efficiency of 11-cis-retinal binding.
And G90D mutant (causing CNSB) that was considered to have correct pro-
tein folding, however, showed an astonishing tendency to form inclusion
bodies in our study, which may be related with its interrupted glycosylation
in Golgi apparatus. In a word, we have established an effective and conve-
nient system to investigate rhodopsin synthesis and transportation both in vitro
and in vivo.463-Pos Board B243
Coexistence of Native-Like and Non-Native Misfolded Ferricytochrome C
on the Surfac of Cardiolipin Containing Liposomes
Leah A. Pandiscia, Reinhard Schweitzer-Stenner.
Chemistry, Drexel University, Philadelphia, PA, USA.
Cytochrome c, in spite of adopting a rather rigid structure around its prosthetic
heme group, is rather diverse with regard to its function and structural vari-
ability. On the surface of the inner membrane of mitochondria it serves as an
electron transfer carrier. However, at conditions, which have not yet been
unambiguously identified, it can adopt a variety of non-native conformations
some of which exhibit peroxidase activity. Cardiolipin-containing liposomes
have served as ideal model system to investigate the various modes of interac-
tion between cytochrome c and the inner mitochondrial membrane. We probed
the binding of horse heart ferricytochrome to liposomes formed with 20%
tetraoleoyl cardiolipin and 80% dioleoyl-sn-glycero-3-phosphocholine as a
function of lipid/protein ratio by fluorescence, fluorescence anisotropy, and
visible circular dichroism spectroscopy. A global analysis of our data revealed
the existence of three binding sites on the protein which causes rather different
degrees of protein unfolding. We found that two of the three modes of interac-
tion between protein and liposome led to conformational changes. A more
native-like state or a higher population of the native state is obtained in the pres-
ence of NaCl, which also leads to a nearly total inhibition of the binding via the
two lower affinity protein binding sites. Our results can be rationalized interms
of the two state equilibrium between a compact C and an extended E-state pro-
posed by Pletneva and coworkers. We conjecture that the bound state produced
by the high affinity site 1 binding might bear the closest relationship to the pro-
tein which functions as electron carrier in the mitochondria. The higher E-state
population produced by site 2 and 3 binding is likely to increase the protein’s
capability to function as a peroxidase.
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Human pathogens Neisseria gonorrhoeae and N. meningitides are unique in
their utilization of opacity-associated (Opa) proteins to mediate bacterial up-
take into non-phagocytic cells. Opa proteins engage either heparan sulfate
proteoglycan (HSPG) receptors or carcinoembryonic antigen-related cellular
adhesion molecules (CEACAMs) to hijack host cellular mechanisms, which
induces bacterial engulfment. The Opa family of proteins are eight stranded
b-barrels with four extracellular loops. Regions in loops two and three contain
hypervariable sequences among Opa variants and dictate receptor specificity.
We aim to investigate the structural determinants of Opa-receptor interactions.
Overall loop dynamics of Opa60, a CEACAM-binding Opa variant, were
determined using CW-EPR and combined with the limited NMR relaxation
data. Results indicate that the loops and hypervariable regions are highly
mobile on the nanosecond timescale. Initial DEER experiments measured
distances between Opa60 and CEACAM in the complex and preliminary
models consistent with these distances will be presented. Determining the
interactions between Opa and CEACAM will provide an understanding of
the molecular interactions that mediate the entry of a foreign body into
non-phagocytic cells.
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Inner membrane proteins have long been known to follow the ‘‘positive-inside
rule’’, where cytoplasmic loops tend to have a greater number of cationic
residues than periplasmic or extracellular loops. This effect can be seen
dramatically in dual-topology proteins, such as the small multidrug transporter
EmrE, where relatively balanced charge between the protein faces leads
to mixed insertion in the membrane; some molecules are inserted with a
cytoplasmic N-terminus, and some with a periplasmic. Addition or removal
of positive charge can bias the orientation of the inserted protein. Surprisingly,
this is true even if the mutation does not occur until after the synthesis of
several transmembrane helices. Here, we examine how positive charges
bring about orientation bias. We use a GFP-based assay to examine both
the orientation of the protein as well as rates of misinsertion and degrada-
tion. We find a significant pool of degraded or misfolded protein to be present
even with wild-type EmrE. In addition to the redistribution of well-folded
protein, the amount, type, and orientation of degradation products changes
92a Sunday, February 8, 2015dramatically upon the introduction of mutations that bias EmrE orientation.
While early mutations, especially those surrounding the first transmembrane
helix, appear capable of biasing the initial orientation, the effects of later
mutations can be explained by altering the rate of misfolding events in accor-
dance with the positive-inside rule. Positive charges thus appear to act as
folding signals, enhancing proper folding and insertion when positioned in
agreement with the positive-inside rule, and enhancing misfolding when
placed in violation.
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‘‘Steric trapping’’ is a method that links binding of monovalent streptavidin
(mSA) to unfolding of a biotinylated protein (MP). It allowed the measure-
ments of high affinity protein–protein interactions and thermodynamic stability
of polytopic helical MPs in a native environment, which had been difficult to
achieve using more conventional methods. In the current steric trapping frame-
work, a conformation-sensitive chromophore or an enzymatic activity in a
target MP is required for monitoring mSA-induced unfolding. This target-
specific approach is a limiting factor that hinders its application to various
MP systems, i.e. MPs in a misfolded conformation, MPs with an assembly
role, or MPs without convenient unfolding readout. To further advance the ste-
ric trapping strategy for more general application, we have developed novel
tripartite probes possessing a thiol-reactive group, a biotin group and a fluores-
cent or paramagnetic group for sensitization of unfolding or binding of mSA.
We applied the new strategy to investigating the stability and unfolding mech-
anism of an intramembrane protease GlpG. By combining FRET between flu-
orescently labeled GlpG and quencher-labeled mSA as a measure of mSA
binding and the proteolytic activity of GlpG as a measure of unfolding, we
proved the thermodynamic coupling between binding and unfolding, and deter-
mined the thermodynamic stability and unfolding rate of GlpG in a native
micellar environment. While the stabilities were similar independent of the
location of biotin pairs, the unfolding was 20 times faster when the biotin
pair was placed near the proteolytic active site. This result suggests a
subdomain-organization of the helical bundle architecture of GlpG. Steric trap-
ping may serve as a useful tool for elucidating the local versus global flexibility
of helical MPs.
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Membrane protein folding is a process of fundamental importance in
biophysics and structural biology. Despite major advances in our understanding
of translocon-mediated insertion of membrane proteins, many aspects of the
underlying biophysics remain unclear.
Computational methods provide a powerful tool for understanding membrane
protein folding. As an initial model for a translocon tunnel, we are using a
simplified pore system to investigate systematically the effects of this on helix
formation. This approach is being used in parallel with enhanced sampling
methods to accelerate the folding reaction. As test systems we have focused
on two membrane proteins: the influenza M2 channel protein which contains
a single transmembrane (TM helix plus a C-terminal amphipathic helix, and
the seven TM helix protein bacteriorhodopsin, For bacteriorhodopsin we can
successfully fold all seven helices inside our simple model of a translocon,
starting from a fully extended conformation. For influenza M2, we observe
the two helices (TM and amphipathic) folding to a state that is consistent
with NMR structures.
We wish to develop this model further to include the crucial step of helix inser-
tion into the membrane. In this context we are also exploring coarse-grained
approaches to help us address time-scales accessible to simulations.
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Bacterial outer membrane proteins (OMPs) are synthesized in the cytoplasm,
cross the inner membrane, and are then transported across the periplasmbefore folding into the outer membrane. Similar pathways are present in
both mitochondria and chloroplasts. While unfolded outer membrane proteins
(uOMPs) are prone to aggregation, they are able to avoid this off pathway re-
action with the help of periplasmic chaperones and proteases. The primary
protease that interacts with uOMPs is DegP. DegP is a member of the high
temperature requirement A (HTRA) protease family and has been implicated
in both the Cpx and sE stress response pathways. DegP sequesters and de-
grades uOMPS when they accumulate in the periplasm. It has been suggested
that DegP functions by transitioning from an inactive hexameric state to an
active cage-like oligomeric state of either 12 or 24 subunits when substrate
is present. In order to further investigate the relationship between the oligo-
meric state of DegP and the presence of substrate, we performed sedimenta-
tion velocity experiments with and without various uOMPs. This allows us to
identify the oligomeric populations of DegP at biological concentrations.
Results suggest that DegP has significant populations of multiple oligomeric
states even in the absence of substrate. This work contributes to our under-
standing of OMP biogenesis by identifying the nature of uOMP interactions
with an important pathway component.
469-Pos Board B249
Theoretical Prediction of Mutations Improving Thermal Stability of
Adenosine A2a Receptor
Yuta Kajiwara1, Satoshi Yasuda2, Yuki Takamuku3, Takeshi Murata3,
Masahiro Kinoshita2.
1Graduate School of Energy Science, Kyoto University, Kyoto Uji, Japan,
2Institute of Advanced Energy, Kyoto University, Kyoto Uji, Japan,
3Graduate School of Science, Chiba University, Chiba, Japan.
G protein-coupled receptors (GPCRs) are physiologically important membrane
proteins possessing seven transmembrane domains, which are responsible for
signal transduction pathways. Therefore, they form the most important target
for drug design. However, their mass production and structure determination
by the X-ray crystallography are quite difficult to achieve due to the low ther-
mal stability in detergents. Though the stability can be enhanced by introducing
mutations into GPCRs, a random search accompanying a heavy experimental
burden is currently employed to obtain mutations leading to sufficient enhance-
ment. In the present study, through mutations for the antagonist-binding struc-
ture of the adenosine A2a receptor, we investigate how to predict the mutants
which lead to enhanced thermal stability using our free-energy function (FEF)
recently developed for membrane proteins. The FEF comprises two compo-
nents: the energetic term, which is focused on the energy decrease arising
from formation of intramolecular hydrogen bonds, and the entropic term, which
originates from the translational displacement of hydrocarbon groups consti-
tuting nonpolar chains of the lipid bilayer. After calculations of the FEF for
all mutants, we have chosen some candidate mutants whose thermal stability
would be most improved, and then their stabilities are experimentally exam-
ined. The findings are as follows. The success rate of the prediction focused
on the entropic term alone is about 1/3 that is much higher than that reached
by the trial-and-error prediction. This result implies that the entropic effect
of hydrocarbon groups is critical for the structural stability of GPCRs. More-
over, when the energetic term is also considered, the success rate is improved
to 1/2. Since the calculation of the FEF can be accomplished quite rapidly, we
can theoretically examine a large number of mutations.
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Membrane proteins are often of particular difficulty to study, frequently limited
by stability in detergent solution. Taking advantage of the available genomic
and cell culture data, presented are two bioinformatic methods to quickly iden-
tify a limited set of amino acids or positions which likely underlie the thermal
adaptation of a given protein family. This set then provides a small number of
mutants to screen for stabilization and are used to demonstrate a significant in-
crease in thermostability of an example membrane protein.
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Endolysins are bacteriophage-encoded peptidoglycan hydrolases expressed
during the late stages of a phage replication cycle that function to lyse the
